Activated retina-specific T cells that have acquired the ability to break through the blood-retinal barrier are thought to be causally involved in autoimmune uveitis, a major cause of human blindness. It is unclear where these autoreactive T cells first become activated, given that their cognate antigens are sequestered within the immune privileged eye. We demonstrate in a novel mouse model of spontaneous uveitis that activation of retina-specific T cells is dependent on gut commensal microbiota. Retina-specific T cell activation involved signaling through the autoreactive T cell receptor (TCR) in response to non-cognate antigen in the intestine, and was Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
INTRODUCTION
The skin and mucosal surfaces are densely populated by different kinds of commensal microorganisms that include bacteria, fungi and viruses that have co-evolved with their vertebrate hosts during millions of years. During recent years it has become clear that commensals affect multiple aspects of host physiology and homeostasis, including the normal development and functioning of the immune system (for reviews see Cerf-Bensussan and Gaboriau-Routhiau, 2010; Hooper et al., 2012) . Consequently, dysregulation of the endogenous microbiota can have profound effects on host immune function (Lee et al., 2011; Proal et al., 2009; Round and Mazmanian, 2009; Turnbaugh and Gordon, 2009; Wen et al., 2008) . The contribution of gut commensal microbiota to development of inflammatory and autoimmune diseases has been studied in various animal models (Berer et al., 2011; Garrett et al., 2010; Wu et al., 2010) . A number of microorganisms, including Klebsiella pneumoniae, Proteus mirabilis and segmented filamentous bacteria (SFB) have been implicated as necessary, and in some cases sufficient (Garrett et al., 2010; Wu et al., 2010) . However, while it is well established that IL-17-producing T cells are activated by microbial components in the gut environment (Ivanov et al., 2009; Wu et al., 2010) , it is unclear how this relates to activation of tissue-specific autoimmune T cells. The recently published evidence that the Th17 cells elicited by SFB are actually specific to SFB antigens (Goto et al., 2014; Yang et al., 2014) makes the connection to tissue-specific pathology even less clear.
An extra layer of complexity arises for immune privileged sites, whose antigens are separated from the immune system by blood-tissue barriers. The eye is the prototypic immune-privileged tissue, but nevertheless it is subject to destructive autoimmunity (Caspi, 2010) . Autoimmune uveitis is a major cause of blindness, having incidence similar to that of multiple sclerosis and accounting for up to 15% of severe visual handicap in the Western world (Durrani et al., 2004; Gritz and Wong, 2004) . The disease affects working age population and has a significant public health impact. Patients often have detectable immune responses to unique retinal proteins involved in visual function such as retinal arrestin and interphotoreceptor retinoid binding protein (IRBP), which, upon immunization of laboratory rodents, elicit experimental autoimmune uveitis (EAU) (Caspi, 2010) . However, unlike the experimental disease, most cases of human uveitis cannot be connected to an exposure of the immune system to ocular antigens. This presents a paradox, because in order to enter the healthy eye through the blood-retinal barrier the pathogenic T cells must first be activated, but the target antigens are sequestered within the eye and are not expressed in the periphery (Gonzalez-Fernandez et al., 1993) . It therefore remains a major unresolved question where such retina-specific T cells become activated. To address this, we recently developed mice that express the R161 T cell receptor (TCR) specific to residues 161-180 of IRBP, a major uveitogenic epitope for uveitis susceptible B10.RIII mice (Horai et al., 2013) . Mice of the R161H line develop uveitis spontaneously starting around weaning age and reach 100% incidence by 2 months, making them a robust and reproducible model of autoimmune uveitis (Horai et al., 2013) .
In the present study we used the R161H mouse model of uveitis to study natural triggers of the disease. Our data indicate that a microbiota-dependent signal activates retina-specific T cells in the gut lamina propria that precedes clinical onset of the disease in the eyes. More importantly, activation of these T cells is independent of the endogenous antigen and involves signaling through the clonotypic autoreactive TCR by microbiota-dependent stimuli. Our study thus uncovers a novel mechanism whereby engagement of the specific TCR by non-cognate stimuli in the gut activates autoreactive T cells and contributes to autoimmune disease.
RESULTS
Spontaneous uveitis in R161H mice is associated with an enhanced Th17 phenotype in the gut R161H mice develop uveitis spontaneously around weaning age (4 wk-old) reaching peak disease around 12 weeks (Figure 1A and 1B) . In an attempt to define when and where the pathogenic cells become activated, thus acquiring the ability to actively cross the bloodretinal barrier, we searched for T cells with an activated phenotype in different tissues of young (4 wk-old) and adult (12 wk-old) R161H mice. Although 4 wk-old R161H mice had minimal or no detectable clinical disease and minimal ocular leukocytic infiltrate, they displayed high percentages of T cells with an activated/memory phenotype (CD44 hi CD62L lo ) in the small and large intestinal lamina propria (LP). This was in sharp contrast to peripheral lymphoid tissues, including the eye-draining submandibular lymph nodes ( Figure 1C ). Furthermore, these T cells could produce IL-17A ( Figure 1D ), a cytokine that our previous studies identified as pathogenic in autoimmune uveitis (Chi et al., 2008; Luger et al., 2008; Wang et al., 2012) . To directly visualize the activation in vivo, we crossed the R161H mice to Nr4a1 GFP reporter mice, in which intensity of GFP fluorescence reflects the level of Nur77 expression, and hence the strength of antigen receptor signaling (Moran et al., 2011) . As early as 17 days of age, and well before clinical onset of disease, GFP signal in freshly explanted intestinal tissue of R161H-Nr4a1 GFP mice was prominent, especially in the ileum, compared to "polyclonal" Nr4a1 GFP controls ( Figure 1E , and Movies S1 and S2), and was similar in intensity to the signal in adult R161H mice ( Figure  1F and Movies S3 and S4). In contrast, the GFP signal in the submandibular lymph nodes as well as other peripheral lymph nodes was not enhanced ( Figure S1 ). Collectively, these data support the notion that activation of T cells in the gut of R161H mice precedes the clinical onset of disease.
Elimination of commensals attenuates uveitis and reduces activation of Th17 cells in the intestine
Th17 cells are a major pathogenic effector phenotype in the EAU model, and an elevated Th17 cell-mediated response was reported to correlate with disease in uveitis patients (Chi et al., 2008; Luger et al., 2008; Wang et al., 2012) . Several reports have shown the importance of gut commensal microbiota for development of Th17 cells (see Hooper et al., 2012 for review) . In view of the high frequency of activated T cells producing IL-17A in the intestinal LP of R161H mice shown in Figure 1 , it was logical to ask whether gut commensals might play a role in disease in the spontaneous uveitis model. R161H mice were treated with a broad-spectrum antibiotic cocktail (AMNV: ampicillin, metronidazole, neomycin and vancomycin) in drinking water (Rakoff-Nahoum et al., 2004) . Since R161H mice can begin to show signs of disease around weaning age, treatment was given to the breeders and the offspring were continued on the treatment after weaning. In line with results published by others, analysis of fecal material from AMNV-treated mice showed a reduction in total bacterial mass by several orders of magnitude and a reduced community complexity ( Figure S2A, B) . Weekly fundus examination showed that development of spontaneous uveitis was significantly delayed in AMNV-treated R161H mice compared to the untreated group (Figure 2A) . Although ultimately most AMNV-treated R161H mice developed some clinical signs, their disease scores were drastically attenuated, as seen by histopathology of eyes collected at 9-12 wks of age, when disease in untreated controls reaches its peak. This was recapitulated in R161H mice reared under germ-free (GF) conditions . AMNV treatment also decreased the GFP signal in the freshly isolated intestine of R161H Nr4a1 GFP mice ( Figure 2E ), confirming that gut microbiota are required for stimulation. In parallel, frequency of IL-17A producing T cells in the small intestine and colonic lamina propria (LP) of AMNV-treated R161H mice was reduced, whereas IFN-γ and IL-22 were reduced in the small intestine, but not in the colon (Figure 2F and G) . The frequency of IL-17A + T cells was also strongly attenuated in small intestine and colon of GF R161H mice ( Figure 2G ). There was no expansion of Foxp3 + cells as a result of AMNV treatment ( Figure S2C, D) .
Even though the consequences of microbiota depletion in our R161H mice were compatible with the results of others, it was nevertheless important to consider whether prolonged treatment with antibiotics, or deficient development of the immune system in a GF environment could account for the observed attenuation of disease. As evidence against this notion, neither frequencies of IRBP-specific T cells, nor their proliferative responses, were altered between untreated and AMNV-treated R161H mice, or between SPF and GF-R161H mice ( Figure S3A-D) . Finally, we examined the ability of the AMNV-treated WT littermates (R161H mice are bred heterozygously) to develop uveitis after active immunization with IRBP [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] . Disease scores 2 wks after immunization of AMNV-treated compared to untreated WT littermates were not reduced ( Figure S3E ). In addition, lymphocytes from these WT mice responded to antigen-specific or non-specific stimuli similarly, regardless of the treatment ( Figure S3F, G) . In the aggregate, these results confirm that attenuation of spontaneous uveitis in antibiotic-treated and GF R161H mice was due to depletion of commensal microbiota and not to any alterations in immune function.
R161H T cells in the gut preferentially exhibit a Th17 phenotype compared to polyclonal T cells
To elucidate a possible connection between increased frequency of IL-17A-producing cells in the intestine of R161H and spontaneous uveitis, we compared frequencies of IL-17A-producing cells in intestine of R161H mice with their healthy WT littermates. Compared to the WT mice, CD4 + T cells isolated from either small or large intestine LP of R161H mice displayed much higher frequencies of IL-17A-producing cells after a short PMA and ionomycin pulse ( Figure 3A , B). Essentially identical results were seen directly ex vivo using Il17a -GFP reporter knock-in mice crossed onto the R161H background. In the next step, we compared the frequency of IL-17A-producing cells in the IRBP-specific vs. the non-IRBP-specific CD4 + T cells isolated from intestinal LP of the same R161H mouse. The mice co-expressed the Il17a GFP reporter and T cells bearing the IRBP-specific R161H TCR were detected with an IRBP 161-180 -MHCII-IgG dimer (p161 dimer) (Karabekian et al., 2005) . The p161 dimer-positive population contained a much higher proportion of Th17 cells, as defined by dual IL-17A-GFP and CCR6 positivity, than the dimer-negative population, a pattern highly reminiscent of cells isolated from uveitic eyes of the same mice ( Figure 3C, D) . Notably, since the Il17a GFP reporter obviates the need for PMA and ionomycin stimulation ex vivo, the observed difference is considered to reflect the actual in vivo situation. Furthermore, while the proportion of p161 dimer + T cells in the total CD4 + population remains fairly constant in untreated, AMNV-treated and GF mice ( Figure S3 ), the proportion of antigen-experienced cells within the dimer + population (CD44 hi CD62L lo ) was markedly more frequent in the gut than in peripheral lymphoid tissues, and that proportion was reduced by AMNV treatment or GF conditions ( Figure 3E , F). Together, these results indicate that the clonotypic R161H T cells express a Th17 phenotype in the gut environment more readily than do non-IRBP-specific T cells, similarly to their status in the eye where their cognate antigen is found.
R161H T cell activation in the intestine is independent of endogenous IRBP expression
We next asked if the high frequency of Th17 cells in the gut LP of R161H mice is dependent on endogenous IRBP. Towards that end, we crossed R161H mice to Rbp3 −/− mice, which lack expression of IRBP (Liou et al., 1998) . R161H-Rbp3 −/− mice do not develop uveitis, due to lack of the target antigen in their eyes ( Figure 4A ), but IRBP-specific T cells are present, are functionally responsive to IRBP ( Figure S4A ), and transfer of the activated cells induces severe uveitis in naïve WT recipient mice ( Figure 4B ). These mice still had an increased frequency of IL-17A + T cells in their small intestine and colon LP, comparable to the IRBP-sufficient Rbp +/+ mice and much higher than in WT mice (Figure 4C, D) indicating that endogenous IRBP is not required for activation of IRBP-specific T cells in the gut of R161H mice.
In addition to the cognate antigen, T cells can be stimulated through their TCR also by superantigens, which activate broad classes of TCRs by binding to the TCR Vβ chain outside of the antigen-binding region (Fraser and Proft, 2008) . We therefore examined a number of commercially available superantigens for ability to stimulate R161H cells. The R161H TCR is Vβ1/Vα17 (Horai et al., 2013) . Staphylococcal enterotoxins B (SEB), SED and SEI, which are all reported to bind Vβ1, did not induce proliferation of R161H T cells, although they induced vigorous proliferation of WT T cells ( Figure 4E ). While we cannot categorically exclude involvement of an as yet uncharacterized superantigen, the evidence speaks against activation of the R161 clonotypic TCR by a superantigen.
Retina specific T cells in the intestine receive a signal through their clonotypic TCR
The data thus far strongly implied involvement of the R161 TCR in activation of the uveitogenic T cells in the intestine by gut commensals. To directly demonstrate presence of TCR signaling in the IRBP-specific T cells within the gut environment, we examined colocalization of p161 dimer with TCR signaling indicators in ileal tissue sections. By immunofluorescent staining, p161 dimer co-localized with the GFP signal in R161H-Nr4a1 GFP mice ( Figure 5A ), or with tyrosine-phosphorylated Zap-70, a proximal signaling molecule downstream of the TCR, in R161H mice ( Figure 5B ). These results confirmed TCR signaling by activation of 2 different downstream molecules. Nevertheless, because T cells (normal or TCR Tg) can express a 2nd TCR due to incomplete exclusion of the TCRα chain (Hardardottir et al., 1995; He et al., 2002) we had to exclude the possibility that the R161H cells were being activated through a putative 2nd TCR. Towards that end, we crossed the R161H mice to Tcra −/− mice, which lack endogenous TCRαβ-expressing CD4 + T cells (Yoshitomi et al., 2005) . R161H-Tcra −/− mice develop uveitis that is at least as severe as that developed by their R161H-Tcra +/+ littermates ( Figure S5A ). Flow cytometric analysis confirmed that all CD4 + T cells in these mice stained with p161 dimer ( Figure S5B , C). Co-localization of phospho-Zap-70 with CD4 was clearly detectable in CD4 + cells in the small intestine of R161H-Tcra −/− animals ( Figure 5C ) and these T cells appeared to be high producers of IL-17A ( Figure 5D and E, S5D and E). These results demonstrate that CD4 + T cells in the gut signal through their clonotypic retina-specific R161H TCR.
Signals derived from intestinal microbiota activate retina-specific T cells for pathogenicity
To examine whether signals derived from gut microbiota are able to activate retina-specific T cells to cause uveitis, we first asked whether transfer of GF mice to SPF housing conditions would restore normal development of uveitis. R161H-GF animals at 4 wks of age were co-housed with R161H-SPF animals and disease development was monitored by weekly fundus examination. Ex-GF R161H mice transferred to SPF conditions developed uveitis with similar kinetics and similar final histology scores to R161H-SPF controls ( Figure 6A, B) .
Next, we examined whether bacteria-rich protein extracts from gut contents would directly activate IRBP-specific T cells in vitro and trigger their pathogenic potential. Extracts were prepared from bacteria-rich intestinal contents of R161H mice and were used to activate T cells from peripheral lymph nodes of R161H mice in vitro. The IRBP-specific (dimerpositive) T cells upregulated expression of the activation marker CD69 much more vigorously than did the nonspecific (dimer-negative) population from the same mouse, in a dose-dependent fashion ( Figure 6C ). IL-2 production, generally considered to indicate a T cell response to antigen, was inhibited by an anti-MHC class II antibody ( Figure 6D ), suggesting that the activation signal was received via TCR-MHC interactions. In contrast, innate stimuli alone (LPS and extract of M. tuberculosis) did not cause activation ( Figure  6E ). To further strengthen the notion of priming in the gut by non-cognate antigen, we cultured R161H Rbp3 −/− lymph node cells with the extract. As before, the clonotypic T cells responded with CD69 upregulation and IL-2 production to the intestinal extract ( Figure  S6A, B) , but not to innate stimuli alone ( Figure S6B, C) . Next, to confirm that a protein component in the extracts is necessary for activation of retina-specific T cells, the extracts were subjected to Proteinase K treatment or heat denaturation, and presented to naïve CD44 lo CD62L hi CD69 − CD25 − T cells from R161H Rbp3 −/− Rag2 −/− mice (only R161 TCR) by splenic CD11c + APC from WT or Rbp3 −/− mice ( Figure 6G and S6E-F). Naïve R161H T cells responded to the untreated extract highly significantly, though less vigorously than total clonotype-positive T cells. Importantly, activation did not occur to LPS alone, and was significantly reduced by proteinase K treatment as well as by heat denaturation. Finally, to confirm requirement for bacteria, we examined intestinal content extracts from GF compared to SPF R161H mice for their ability to activate the naïve clonotypic T cells from Rbp3 −/− donors. Extracts from GF mice, normalized per gram contents, were much less stimulatory than those of SPF mice ( Figure 6H and S6G) . In all cases, APC isolated from WT and Rbp3 −/− mice, which lack the cognate antigen, provided equivalent stimulation. Because intestinal contents of GF mice contained much less protein than those of SPF mice (1.0 ± 0.14 vs. 14.3 ± 1.3 mg/ml, likely due to lack of microbial content), we also normalized the amount of extracts in the cultures by protein concentration, with the same outcome ( Figure S6H ). These results strongly support the conclusion that R161 T cells respond to protein component(s) from gut commensal bacteria, and not from cognate or unknown endogenous Ag.
Finally, to connect intestinal stimuli to the disease process, we examined whether exposure to extracts of bacteria-rich intestinal contents could make R161H cells pathogenic. R161H T cells infused into naïve WT recipients do not trigger disease unless they are activated before transfer (Horai et al., 2013) . Notably, R161H lymph node cells cultured with extracts of intestinal contents induced EAU in 40-86% of WT recipient mice within 6-10 days of transfer, whereas no disease was observed within this timeframe in recipients of nonactivated R161H cells (either freshly isolated or cultured without intestinal extracts) ( Figure  6I ). Thus, gut microbe-rich protein extracts contained the necessary and sufficient stimuli to make R161H T cells capable of breaching the intact blood-retinal barrier and causing uveitis.
DISCUSSION
A number of studies have documented the ability of gut commensals to affect the expression of autoimmunity at proximal as well as distal sites. The effects can be inhibitory (diabetes in NOD mice Markle et al., 2013; Wen et al., 2008) , or more often enhancing (several models of arthritis, EAE and colitis Berer et al., 2011; Chappert et al., 2013; Garrett et al., 2010; Lee et al., 2011; Morton et al., 2014; Wu et al., 2010; Yoshitomi et al., 2005) . The mechanisms are complex and may involve several unrelated microorganisms in concert (Garrett et al., 2010) . Induction of Th17 responses in the gut by organisms such as SFB has been demonstrated in association with autoimmunity (Ivanov et al., 2009 ), but it is unclear how the responses observed in the intestinal tract translate to antigen-specific immunity in the target tissue, especially in view of the recent report that SFB-induced Th17 cells in the gut are SFB-specific (Goto et al., 2014; Yang et al., 2014 ). In the current study, we present compelling evidence that autopathogenic T cells that cause disease in a distal site receive a microbiota-dependent activation signal in the gut through their clonotypic TCR that is not dependent on an endogenous source of the cognate antigen, and precedes the clinical onset of pathology. The R161H mouse model recapitulates the spontaneous nature of human uveitis, which makes it suitable for the study of natural triggers of the disease (Horai et al., 2013) . Moreover, the target antigen is one of several known conserved retinal proteins that elicit memory responses in uveitis patients, and are likely to be involved in disease pathology (Gery et al., 1996) . The spontaneous and highly penetrant nature of uveitis in R161H mice appears to be due to their enhanced frequency of retina-specific T cells (Horai et al., 2013) , which amplify the naturally low penetrance of uveitis to a frequency that can be studied in the laboratory. To our knowledge, this is the first report that directly links autoimmunity to the neuroretina and the breakdown of the immune privilege of the eye to normal commensal microbes. Furthermore, our data offer a plausible explanation of the paradox that underlies uveitis, where autoreactive T cells must be primed by an antigen that is inaccessible to them in order to elicit pathology, by identifying the commensal microbiome as source of noncognate antigen that can activate them in the periphery.
While our data showing that autoreactive T cells receive a signal in the gut through their clonotypic TCR appear compelling, by themselves they do not prove that this is the initial site where their activation occurs. Although at the present state of technology we are unable to demonstrate that IRBP-specific R161H Th17 cells detected in the gut have not 'visited' and been exposed to their cognate antigen in the eye, three lines of evidence speak for activation in the gut as a primary triggering event for pathogenicity: (i) high frequency of activated T cells in the gut or R161H mice (as early as 17 days, the earliest point examined) preceded their appearance in the eye and onset of clinical disease, (ii) absence of endogenous antigen did not change the high frequency of R161H T cell activation in the gut; (iii) our previous data (Zhou et al., 2012) showed that priming of retina-specific T cells within the ocular microenvironment results in acquisition of tolerance rather than effector function. Similarly, the tools currently do not exist to demonstrate that IRBP-specific T cells, which have been to the gut, end up in the eye. Although recently a method to endoscopically photolabel T cells within the gut has been described (Morton et al., 2014) , several years of backcrossing would be required to apply this technology to the R161H model.
While it appeared that the activation of T cells in the gut is driven at least in part by an interaction with the IRBP-specific TCR, independent of endogenous IRBP, this does not exclude a role for innate microbial stimuli. Our data showed that IRBP-specific T cells are activated by bacteria-rich intestinal contents extracts more rigorously than polyclonal non-IRBP specific T cells and that their activation is MHC class II dependent, microbes have their own "built in" adjuvant effect, and it is likely that this contributes to activation for pathogenicity under in vivo conditions, similarly to the innate signals provided by mycobacteria in complete Freund's adjuvant. In fact, previous studies may have confused this with specific TCR effects. For example, mimicry was proposed (but not supported by data) in the case of spontaneous EAE. In contrast to the IRBP-specific TCR, the endogenous myelin oligodendrocyte glycoprotein autoantigen was in fact needed to cooperate with the microbiota for autoreactive T and B cell activation (Berer et al., 2011) . We therefore believe that ours is the first direct demonstration of the involvement of an autoreactive TCR, rather Horai et al. Page 8 Immunity. Author manuscript; available in PMC 2016 August 18.
than an innate response to conserved microbial components, in commensal microbiotadependent autoimmune disease expressed at a distant site.
Identification of the causative microorganism(s) and dissection of the microbial-derived antigen(s) that can trigger uveitis would have far-reaching implications for therapy of uveitis. While our data provide strong evidence for a necessary role of the TCR, they do not identify the bacterial component(s) that could serve as that non-cognate antigen(s). Our attempts to identify such an organism have thus far proved difficult. Treatment of R161H mice with individual antibiotics composing the AMNV cocktail, which in some cases were helpful to narrow down the bacterial species involved (Ramanan et al., 2014) , did not prove fruitful, as the protective effect of each single antibiotics was minimal (data not shown). We also examined a possible role for SFB, which is present in our colony. Previous studies showed that monocolonization of GF mice with SFB reconstituted their ability to develop spontaneous arthritis (Wu et al., 2010) or immunization-induced EAE (Lee et al., 2011) . Depletion of SFB from R161H mice by vancomycin treatment did not abrogate spontaneous uveitis (data not shown). We would interpret these data to mean that (a) the non-cognate antigen(s) that engage the TCR in the gut can be expressed by multiple bacterial species, and (b) the "deterministic" signal for T helper cell differentiation whereby the innate milieu drives the direction of antigen-specific T cell differentiation (also proposed by Goto et al., 2014; Yang et al., 2014) can be provided not only by SFB, but also by other commensal microorganisms. Monocolonization of GF R161H mice with candidate microorganism(s) would be needed to identify the causative species. However, due to the complexity of the commensal microbiota, and the likely dependence of the effects on a combination of species (as has already been documented even in the absence of an antigen-specific component in the TRUC model of colitis, Garrett et al., 2010) , such an approach is currently beyond the scope of this study.
Collectively, the data reported here provide strong evidence that commensal microorganisms constitute a trigger and/or amplification signal to autoreactive T cells that drive spontaneous uveitis. While our data do not exclude a role for innate signals, which are always present in a microbial milieu and may provide an adjuvant effect, they support a critical role for signaling through the retina-specific clonotypic R161 TCR by non-cognate antigen(s) derived from commensals or their products. Our findings have implications for pathogenesis of human uveitis, as well as broader implications for autoimmunity in general. Given the huge diversity of the endogenous microbiota, it is conceivable that activation of autoreactive TCRs by crossreactive products derived from commensals is not restricted to IRBP. Based on our data, we propose that triggering of autoreactive TCRs by commensals may represent an underappreciated mechanism in the etiology of autoimmune diseases.
EXPERIMENTAL PROCEDURES Mice
IRBP-specific TCR transgenic (R161H) mice were generated on the B10.RIII background as previously described (Horai et al., 2013) . Rbp3 −/− mice (Liou et al., 1998 ) (a kind gift from Dr. Gregory Liou, Medical College of Georgia), Tcra −/− mice (Mombaerts et al., 1992) (Taconic), Il17a GFP knock-in reporter mice (Biocytogen, BCG-0001; Jackson #018472) and Nr4a1 GFP reporter mice (Moran et al., 2011 ) (a kind gift from Dr. Kristin Hogquist at University of Minnesota) were backcrossed onto B10.RIII background and crossed to R161H mice. Mice were maintained under SPF conditions at the National Eye Institute, NIH. Germ-free R161H mice were rederived at Central Institute for Experimental Animals (Kanagawa, Japan) and were maintained at Sankyo Labo Service, Co. Ltd. (Ibaraki, Japan).
Evaluation of spontaneous and induced ocular disease
Development of uveitis was monitored by weekly fundoscopic observation using a binocular microscope. For histopathology, eyes were enucleated and fixed in 4% glutaraldehyde for 1 hour and transferred to 10% formaldehyde for at least 24 h, embedded in methacrylate, and processed for H&E staining. Scores were assigned by a masked observer on a scale of 0-4, according to the criteria for EAU scoring described in detail elsewhere, based on the number, size and type of lesions (Horai and Caspi, 2010) .
Isolation of lamina propria lymphocytes
LP lymphocytes were isolated essentially as described, with modifications (Atarashi et al., 2011; Scheiffele and Fuss, 2002) , and are described in detail in the Supplemental Procedures.
Flow cytometric analysis
Eyes were minced and treated with 1 mg/ml collagenase D for 30-45 min at 37°C. Eyeinfiltrating cells and lymphocytes isolated from tissues were resuspended in media for ex vivo stimulation, or directly in FACS buffer. Abs and detailed methods are in the Supplemental Procedures. For intracellular staining, cells were stimulated in complete RPMI + 10% FBS with 10 ng/ml PMA, 500 ng/ml Ionomycin and Brefeldin A for 4 h, fixed in 4% paraformaldehyde and permeabilized with Triton buffer (0.5% Triton X-100 + 0.1% BSA in PBS).
Depletion of intestinal commensals
Mice were treated with a broad-spectrum antibiotic cocktail of ampicillin, metronidazole, neomycin and vancomycin (AMNV) as described (Rakoff-Nahoum et al., 2004) . Treatment was given to pregnant dams and continued after weaning. Control animals were housed in conventional set-ups on the same rack.
Preparation of intestinal bacteria-rich protein extracts
Intestines were flushed with cold PBS, contents were centrifuged at 2000g at 4°C for 10 min and supernatant was discarded. Pellets were resuspended to make 2 g fecal matter in 1 ml of PBS (2 g/ml) containing Aprotinin (10 μg/ml), Leupeptin (10 μg/ml) and PMSF (0.5 mM) (Sigma), followed by 3 freeze-thaw cycles at −80°C and room temperature for 20 min to disrupt the bacterial cells. Cell lysis was completed by using a sonicator (Heat Systems) for five high intensity cycles of 30 sec each on ice. Samples were then centrifuged at 14000g at 4°C for 30 min and the supernatant was collected and sterilized by filtration through 0.2 μm filter. Proteinase treatment was by incubating the extracts with Proteinase K (100 μg/ml; Fisher Scientific) at 55°C overnight, followed by 65°C for 1 hour to inactivate the enzyme. 
Adoptive transfer
R161H lymph node cells were activated with intestinal contents (1:30 dilution) in DMEM-10% FBS in the presence of recombinant mouse IL-12, recombinant human IL-2 (Proleukin) and anti-IL-4 mAb (clone 11B11) for 3 days. After removal of dead cells by centrifugation over Lympholyte-M (Cedarlane, NC), 5 to 10 million lymphocytes were injected i.p. into naïve WT recipient mice. Fundoscopic evaluation of disease was performed between days 4-12. Eyes were collected on day 10-13 for histological examination and disease scoring, as described above.
Ex vivo visualization of GFP-expressing cells in intestinal tissues and immunofluorescent staining of intestinal sections
Ex vivo imaging of GFP expressing cells of Nr4a1 GFP reporter mice was done on freshly collected tissues. All samples were kept on ice in PBS and placed onto a glass bottomed dish (MatTek Corporation) with mounting media Fluoromount-G (Southern Biotech) or Vectashield H-1000 (Vector Laboratories). Intestines were opened longitudinally and placed with the lumen down. The initial focal plane was chosen at 10 and 15 μm from the surface of the tissue and Z stack data for movies was collected from 5 to 60 μm. Images were acquired using 40x objective in inverted Zeiss LSM 700 or 780 confocal microscope. Bright field contrast adjustments were applied and movies were captured using Zen 2012 Lite software (Carl Zeiss). For immunofluorescence (IF) staining, cleaned intestines were fixed in paraformaldehyde, passed through 10% and 20% sucrose and snap-frozen. Staining was performed and images were acquired as described in detail in Supplemental Procedures.
Statistical analysis
Statistical data analysis was done using GraphPad Prism version 6.0 (GraphPad Software, La Jolla, CA). Differences between groups were determined using Mann-Whitney test or two-way ANOVA, as appropriate for the experiment. p values of <0.05 were considered significant.
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